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unfavorable movement conditions) and the disperser
retraces its steps.

The H-map extends the area of movement analysis by
adding all forest patches (Fig. 2, right). The morphological
analysis of the H-map reflects the changes in this extended
input map. A comparison with the analyzed D-map illustrates
the difference in classification derived from the two move-
ment maps. For example, the indicated Region 3 in Fig. 2
contains a feature that is labeled as a branch in the D-map that
becomes a bridge in the H-map. In another example, the
indicated Region 4 in Fig. 2 contains features that are labeled as
edge in the D-map, but become perforations in the H-map. The
difference in classification is directly related to the different
input maps, and the results illustrate the interpretation of
spatial patterns of different types of movement such as
dispersal events versus day-to-day movements.

4, Discussion

The conceptual basis of the morphological analysis is of a
generic nature because it is a geometric analysis process.
Consequently, any type of input data can be analyzed and the
interpretation of the results is directly related to the inter-
pretation of the input data. In this paper, the input data were
derived from a dispersal simulator calibrated for a broad class
of forest mammals. The application of the very same
classification scheme would be equally valid for input data
derived for specific species, regardless of scale, species, and
even the thematic application. For example, the movement
map shown in Fig. 1 could as well be the movement map of an
avian species at continental scale or a group of ants at very
local scale. The analysis of the input data would be identical
and only the naming convention of the resulting classes and
their interpretation would need to be adapted to the species
under study.

4.1.  Interpretation of the pattern classes

Our analysis provides classification of several feature classes
of movement data. The feature class perforation is a boundary
surrounding a barrier to movement. Edge represents the outer
boundary of a core area, beyond which no visitations occurred.
Beyond the edge the landscape may contain landscape
elements favorable to movement in general (i.e., low cost),
but do not contribute to the traversal of organisms among
patches in a core area, or between core areas. For example, the
white space between the large core regions in the D-map
(Fig. 2) is primarily low resistance agriculture and forest.
However the river and wetlands in the center of the landscape
(Fig. 1, left) present a movement barrier. Thus a portion of the
landscape surrounding these barriers may be used (e.g., for
feeding or for mating purposes) but it is not part of movement
pathways between patches.

Extending outward from core areas are branches, which
represent regions of the matrix that are not specific pathways
between any two patches but are visited by organisms during
inter-patch movements. If portions of the landscape classified
as branches are lost due to development or other land use
change, the current inter-patch connectivity would not be

greatly affected. On the other hand, branches may be the
result of corridor dissection, an event that could be detected by
analyzing movement patterns at two different points in time,
and noting the locations of corridors that become branches
(i.e., the locations of ‘broken’ corridors). The classification
maps would then provide the geographic locations where
inter-patch connectivity can be increased with minimum
effort by re-establishing physical connections or otherwise
providing favorable habitat at these dissection points.

The feature class loop represents a shortcut connecting
regions of a core area to itself. Shortcuts may be of
consequence in analyses at the scale of the network of
connected patches. For example, if the loop (Region 2, Fig. 2,
left) were removed (i.e., due to urbanization) organisms would
have to take a more circuitous route to span the same section
of core (white line, Fig. 2, left). Such a change in network
properties may be indicative of an increased graph diameter,
which has implications with regards to the spread of disease
or the ease of traversing a cluster of connected patches (e.g.,
Urban and Keitt, 2001).

Visually, bridges and loops appear similar when looking at
the classified movement data (Fig. 1), but morphological
analysis differentiates their functional meaning (Figs. 3 and 4)
with regard to the dispersal of the focal species. Patches
embedded in a core area are connected by atleast one pathway
to at least one other patch within the same core area. In our
analysis of the H-map, there are two core regions (Fig. 2).
Connecting these regions are two bridges (Fig. 3). These
bridges represent functional pathways whose maintenance is
critical to sustain transfer of individuals between core areas.
In essence, if these bridges were disrupted, the large cluster of
nine connected patches would break into two smaller clusters
of six and three connected patches. The fact that there are two
bridges connecting the core areas indicates a level of
redundancy in terms of how well the two cores are connected.

4.2.  Implications on management policies

Morphological analysis of movement data has direct applica-
tion to the decision making process faced by conservation
managers. For example, if a limited amount of funding is
available to purchase easements or to provide tax incentives
for landowners to maintain open space, such funding could be
targeted at those regions identified as being crucial for
connectivity among populations. These sites could be identi-
fied through mathematical morphology as the region(s) in
which the feature class bridge occurs. Managers could also
target maintaining the feature class core in Fig. 2, which would
maintain broad movement regions. These broad pathways are
predominantly through agricultural fields that could be
cultivated as a management prescription in a way that was
most compatible with the dispersal dynamics of the focal
organism (e.g., seasonal rotation of crops that offer lower
movement resistance). Alternatively, the classes loop and
bridge can be targeted for management prescriptions aimed at
slowing or halting the spread of invasive species or disease
vectors within or among core areas respectively.

The comparison of the two movement maps, D-map and H-
map, shows the sensitivity of the method to changes in the
input data. This feature can be used to evaluate and measure
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potential impacts of landscape changes. For example, the
value of a specific element of the input map for the overall
connectivity can be assessed by comparing the classification
of the input map with and without this element. A similar logic
applies to adding favorable elements for dispersal to the
existing movement pattern. The influence of inserting such an
element, its extent and location, can be quantitatively
assessed in terms of its contribution to functional connectivity
with this morphological method.

4.3.  Sensitivity to scale

All analyses of structural/functional map attributes are utterly
scale-contingent. Our analysis only segments the image
components in mutually exclusive classes and therefore
maintains all spatial details. As a result, the difference in
spatial detail due to the difference in data scale directly
translates into the analysis. A multi-scale sensitivity study
could be an interesting topic which, when combined with
expert species knowledge, could reveal a species-specific scale
for which itis possible to set an appropriate edge width for that
organism via the size of the structuring element within the
morphological analysis. Yet, in this paper, the purpose is to
illustrate in a generic way that the concept works for detecting
functional corridors on movement maps, and for this purpose
itis acceptable to use an arbitrary scale analysis. The principal
effects of changing the analysis scale have already been
documented in Fig. 4 in Vogt et al. (2007a); Figs. 5 and 6 in Vogt
et al. (2007b); and a neutral model analysis in Riitters et al.
(2007).

44.  Sensitivity to movement frequency

This approach could be applied to observed species movements
(ie., telemetry data) in a similar fashion or alternatively to the
aggregate sum of visitations of all successful dispersers at the
pixellevel. The resultant map would have large values for pixels
that were visited often and small values for pixels less
frequently visited. This type of movement map would be
representative of a “flow” map, which is similar to the inverse of
a cost surface (high flow pixels equivalent to low cost/
resistance). However, unlike a cost surface, the flow map would
only contain values for pixels actually used by successful
dispersers. All thematic classes identified in Fig. 2 could then be
classified using mathematical morphology based on threshold
values assigned for each class in the flow map. Depending on
the threshold chosen, all “least cost paths” among and between
patches would be visualized simultaneously (not just the single
least cost path between each pair of connected patches).

The purpose of this analysis was to illustrate the utility of the
method for analyzing movement data and to interpret the
resulting geometric classes; therefore the results are for an
“unthresholded” flow map. Thresholds of 10% 10% 10 or 1
disperser visitation frequency at the pixel level could be
iteratively applied and its analysis can yield additional insights
about movement patterns including the identification of
regions of “‘strong” versus “weak’ connectivity. Alternatively,
threshold values could be set based on the biology of the species
under consideration. Finally, in the case of sparse or limited
data, we can only analyze what the input data provide. It is thus

crucial that the movement map is a reasonable representation
of the movement for the observed species and habitat. Here,
‘reasonable’ is very species/habitat specific and must be
evaluated on a case-by-case study by the expert. In our paper,
we focus on the feasibility of our approach which is illustrated
for a generic example on a ‘reasonable’ movement map.

4.5.  Generic, synergetic frameusork

Good ecological indicators are those that can be applied to
different types of input data without having to invent
something new every time. In the case of organism movement
and habitat, making the leap from structural to functional
assessments is usually approached by inventing new indica-
tors and/or using new methods (Calabrese and Fagan, 2004).
The use of two specific sets of indicators for the study of
structural and functional aspects may impede a holistic
analysis because the relation between the indicators of the
two sets is usually not well defined or quantifiable. The
present paper shows that indicators based on mathematical
morphology can be derived for maps of functional as well as
structural connectivity. This feature removes a ‘degree of
freedom’ and provides the possibility to use the same indicator
not only to describe structural and/or functional connectivity,
but also to compare the two and make inferences about the
relation between structure and function.

5. Conclusion

Our ultimate interest centers on regional to continental scale
impacts of landscape change on pattern and connectivity for
which the illustrated method provides two important types
of information. First, in addition to tabular summaries of
structural and or functional pattern indicators, a map of
patterns is a powerful communication device to increase the
awareness of spatial pattern in policy formulation, implemen-
tation, and monitoring. Second, because patterns are mapped at
the pixel level, their status and trends can be interpreted
relative to other geographically explicit information such as
land development. Accurate and repeatable mapping and
analysis of functional movement patterns over very large
regions and across many observation scales will allow
ecologists to better address the concept of connectivity in
biological conservation studies and policies. The application of
mathematical morphology provides valuable information for
the interpretation of simulated or observed movement data.
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